ABSTRACT: This paper presents a theoretical study of high strength concrete filled square steel tubular columns with inner CFRP (carbon fiber-reinforced polymer) circular tube subjected to bi-axial eccentric loading. The new type of composite member is composed of a CFRP inner tube and a outer steel tube with concrete filled in the two tubes. The finite element analysis (FEA) is made by ABAQUS software on the behavior of high strength concrete filled square steel tubular columns with inner CFRP circular tube subjected to bi-axial eccentric loading. The results obtained from the finite element analysis were verified with the experimental results. An extensive parametric study was conducted to investigate the effects of steel yielding strength, concrete strength, steel ratio, slenderness ratio on the interaction curve N/N u -M/M u of column subjected to bi-axial eccentric loading. The parametric studies provide information for the development of formula to calculate the bearing capacity. The experimental failure load and the predicted failure load calculated by the formula showed good agreement.
INTRODUCTION
Concrete-filled square steel tubular (CFST) column has a higher bearing capacity, better ductility performance and fatigue resistance than common reinforced concrete and hollow steel section columns. And it also has some unique characteristics: (1) the simple type of beam-to-column connection, (2) the flexible building layout, (3) the stable behavior with large cross-section moment of inertia, (4) convenient construction. In recent, CFST were used widely in modern civil engineering, especially in high-rise buildings. Taipei 101, a 508-m high office tower, used rectangular columns with a maximum cross-sectional dimension of 2400 mm × 3000 mm, and finally the section of the column was reduced to 1600 mm × 2000 mm [1] . Hangzhou Ruifeng commercial building was a 24-storey building with the height 88.2 m, and the maximum section of 600 × 600 mm CFST column was used in the structure.
Many research projects have been conducted in the past few decades to investigate the behaviors of CFST columns subjected to axial compression and concentric load (Dalin Liu (2003 Liu ( , 2004 Liu ( , 2006 [2] [3] [4] , Ehab Ellobody [5] [6] , F.W. Lu (2007) [7] , Manojkumar V(2010) [8] , Han. ect ( 2001 Han. ect ( , 2002 [9] [10] , Mursi and Uy (2001 ,2004 [11] [12] [13] . It is well known that concrete-filled steel tubes, such as the columns (particularly at corners) of a tall building under horizontal wind or earthquake, may be subjected to bi-axial bending in practice. At present, the researches about column under bi-axial eccentric loading are seldom. Mursi and Uy have presented experimental and theoretical studies of fabricated high strength steel tubular columns subjected to biaxial bending [14] [15] . Jie-Peng Liu and Hua Tian illustrated the pertinence relation for the three-dimensional bearing capacity of the members and presented the simplified formula [16] [17] . Tokgoz, S reported the test results of 16 concrete-filled steel tubular columns subjected to bi-axial bending and short-term axial loading [18] .
The concrete filled square steel tubular column with inner CFRP circular tube is composed of a CFRP inner tube, a outer steel tube, and concrete filled in the two tubes, as shown in Figure 1 . In order to study the mechanical behavior of high strength concrete filled square steel tubular columns with inner CFRP circular tube (HCFSTF), the test of HCFSTF subjected to bi-axial eccentric loading has been done. The specimens finally quit working owing to the unstable failure [19] . FEA on HCFSTF subjected to bi-axial eccentric loading is presented in this paper. The calculating results of the model show good agreement with testing results. 
FINITE ELEMENT ANALYSIS

Material Constitutive Model
Steel
The elastic-plastic behavior provided by ABAQUS was used to describe the constitutive behavior of the steel. Since cold-formed steel tubes were used in the test, different strengths and residual stresses in the corner zone and the flat zone should be considered. Therefore, an idealized multi-linear stress-strain model (as shown in Figure 2 ), which was developed by Abdel-Rahman and Sivakumaran [20] , was adopted in this analysis. The first part of the multi-linear curve represents the elastic part up to the proportional limit stress with Young's modulus E s =206GPa, and Poisson's ratio ( ) was taken as 0.3. Figure 2 . Idealized Stress-strain Relationships for Cold-formed Steel
Concrete
The damaged plastic model provided by the ABAQUS library was adopted to simulate the concrete. Considering the concrete was confined by steel tube and CFRP tube, the stress-strain relationship of the core concrete proposed by Han was applied for ABAQUS finite element analysis [21] . The fracture energy-crack displacement model was used to emulate the tension stress-strain of concrete [22] .
FRP
To reduce these possible complexities, the CFRP was assumed to be a linear elastic material. The CFRP confinement was also linear elastic. When the confinement reached its maximum fracture strength, the CFRP confinement was removed from the analysis. The specific expression is as follows:
Where f  is the ultimate stress of the fiber, f E is the modulus of elasticity, f  is the ultimate strain.
Finite Element Model
The steel tube and concrete were modeled with 8-node brick elements (C3D8R), and a quad-node first-order reduced integration shell element (S4R) was chosen for CFRP tube. In order to simplify the problem and to reduce computational effort, only one quarter of the specimen was modeled in the analysis due to symmetry. Symmetric boundary conditions were enforced on the symmetric planes which were XSYMM and ZSYMM boundary conditions, shown in Figures 2. The meshes of the finite element models are shown in Figures 3 . The nonlinear calculation exerted by displacement control was easier to be convergent. The incremental iterative method was used to solve nonlinear equations. More details of the FEA modeling can be found in the reference [19] . 
RESULTS AND DISCUSSIONS
The FEA model established through the ABAQUS/Standard solver was used to simulate the concrete-filled square steel tube column with inner circular CFRP tube subjected to bi-axial eccentric loading. 
Load-deflection Relationship of Columns
The predicted curves of load versus the lateral deflection at the mid-height of the columns are verified with the experimental data in Figures 4 . The numerical results show a good agreement with the experimental data. As the Figures 4 shown, after the ultimate load, when the load declined to 80% of the ultimate load, the bearing capacity sharply declined because the CFRP at the mid-height of the columns reached the ultimate load, which caused the constraint deprivation of the core concrete. In addition, the numerical results and the experimental data in Figures 3 (b) , (g), (h) do not match well at the last phase of the curves because local buckling is occurred at the end of specimens after the peak load. Table 1 .
Test Results and Calculation Results
Specimen The specimen type (for example:ESF4-5-28) in Table 1 is labeled as follows: letter E stands for specimen subjected to bi-axial eccentric loading; S stands for steel; F stands for FRP; 4 stands for ratio of specimen length to size of section side , L/B=4, 6, 8, 10; next 5, 4, 6 stands for the thickness of steel tube respectively in mm; 28, 71, 113 stands for eccentricity respectively in mm.. 
Analysis on Load-deformation Curve
The typical curve of load versus deflection was calculated and shown in Figures 5. The curve can be divided into four stages.
Elastic stage (OA): As lateral expansion of the steel tube is larger than that of the concrete during the initial loading stage, there is little interaction between the steel tube and the sandwich concrete. The steel and concrete bear the load independently in this stage. The steel is yielded at point A.
Elastic-plastic stage (AB): In this stage, the crack occurs in the concrete and lateral expansion of the concrete exceeds that of the steel tube. It makes the steel in biaxial stress condition and the concrete in tri-axial stress condition. And the steel tube begins to confine the concrete. The steel tube developes plastic from point A in the compression zone. As the load increases, the plastic zone expands to the peak point B.
Descent stage (BC): In this stage, load -deflection curve tends to decline after the steel tube has developed plasticity fully. At point B, the specimen achieves the ultimate bearing capacity. The bearing capacity lasts for a moment and then the curve goes down quickly . Local buckling of the steel tube on the compression side occurs at the mid height of the specimen. It makes the sandwich concrete lose confinement from steel tube. But the core concrete is still confined by CFRP tube and bear a large proportion of the vertical load. As the deflection reaches a certain value, the bearing capacity begins to descend slowly, and the deflection increase rapidly. The strain of CFRP tube increases until point C.
Descent stage (CD): At point C, the CFRP tube reaches the ultimate strain, the confinement of CFRP tube disappears, and the bearing capacity declines again. Due to the increase of side deflection, the specimens finally quit working owing to unstable failure. The difference between the two members is that while the corners of HCFSTF close to the compression zone yield, the compression corners of HCFST yield . The result shows that the confining effect of steel corner area is improved by inner CFRP tube. The concrete stress distribution of mid-height section of HCFSTF specimens at point B with different eccentricity is illustrated in Figures 10 . The tension zone area and stress increase with the increasing of eccentricity. Figure 11 shows the typical failure modes of HCFSTF and HCFST member subjected to bi-axial eccentric loading. It can be seen from Figure 11 that the failure mode of high strength concrete-filled square steel tube columns with inner CFRP circular tube (HCFSTF) and high strength concrete-filled square steel tube columns (HCFST) are similar . And finally the specimens quit working because of unstable failure. 
Failure Mode of the Specimen
Effect of steel ratio
Figures 15 shows the N-M interaction curves of HCFSTF members subjected to bi-axial eccentric loading with different steel ratio. The values of vertical coordinate (N/N u ) and abscissa (M/M u ) of inflection point on the N-M interaction curve increase with the increasing of steel ratio. When the steel ratio changes from 10% to 15%, the curve changes obviously.
Effect of steel yield strength
Figures 16 shows the N-M interaction curves of HCFSTF members subjected to bi-axial eccentric loading with different yield strength of steel. With the increasing of yield strength, the N/N u increases, but M/M u decreases. In addition, when yield strength changes from Q234 to Q345, the curves are much different.
Effect of slenderness ratio
Figures 17 shows the N-M interaction curves of HCFSTF members subjected to bi-axial eccentric loading with different slenderness ratio. The slenderness ratio has a great influence on the interaction curves. When the slenderness ratio is small, the interaction curves show parabola model. With the increasing of the slenderness ratio, the ultimate bearing capacity decreases. And the N-M interaction curves change from the parabola model to linear model. It is because that the bigger the yielding strength of steel and steel ratio are, the more contribution steel tube makes in the composite column. On the contrary, the higher strength of concrete is, the more contribution concrete makes.
The vertical coordinate (ζ 0 ) and abscissa (η 0 ) of the equilibrium point A can be expressed as function of the composite confinement factor ( ). Based on the regression analysis on a great deal of computed results, the formula to calculate ζ 0 and η 0 are given as follows: [23] are referred, and the interaction equations of N/N u -M/M u for HCFSTF can be divided into two parts, which are expressed as follows:
Where
Taking into account the slenderness effect, the interaction equations of N/N u -M/M u for HCFSTF can be expressed as follows: 
Where N u is ultimate axial compressive strength of HCFSTF; xy  is stability coefficient of CFST under bi-axial eccentric loading; M x and M y are moments along the x-axis and y-axis respectively, which are given by M x =Ne x and M y =Ne y ; M ux and M uy are flexural bearing capacity along the x-axis and y-axis respectively; Where a,b,c,d is calculating coefficient, and 1/d is amplification factor of the moment considering the second-order effect. The calculations in details on these parameters are given by references [19] and [23] .
The stability bearing capacity of experimental specimen was calculated with the above simplified formula. Table 1 shows calculating results (N c2 ) and measured values (N e ). The ratio of N c2 / N e is listed in Table 1 , which average is 1.027. The standard deviation is 0.073. The calculating results agree well with test data, so the simplified formula can be applied to calculating the bearing capacity of HCFSTF within the parameters of this test.
CONLUSIONS
(1) An FEA modeling developed through the ABAQUS/Standard solver is used to study the flexural performance of HCFSTF columns under bi-axial eccentric loading. The predicted load versus deflection curves and ultimate bearing capacity for composite columns have been found in good agreement with experimental results.
(2) The parametric studies indicate that the major factors affecting the N/N u -M/M u interaction curves of HCFSTF members subjected to bi-axial eccentric loading are steel yield strength, concrete strength, steel ratio and slenderness ratio.
(3) Based on the experimental and FEA results, a simplified formula for the calculation of the bearing capacity of the composite column is proposed. The simplified formula is applied to calculate the bearing capacity of the experimental specimens. And the calculation results agree well with test data. So the simplified formula can be referred to calculate the bearing capacity of HCFSTF within the parameters of this test.
